Iron (Fe) is a key element for all living systems, especially for photosynthetic organisms because of its important role in the photosynthetic electron transport chain. Fe limitation in cyanobacteria leads to several physiological and morphological changes. However, the overall metabolic responses to Fe limitation are still poorly understood. In this study, we integrated elemental, stoichiometric, macromolecular, and metabolomic data to shed light on the responses of Synechocystis sp. PCC 6803, a non-N 2 -fixing freshwater cyanobacterium, to Fe limitation. Compared to Synechocystis growing at nutrient replete conditions, Fe-limited cultures had lower growth rates and amounts of chlorophyll a, RNA, RNA:DNA, C, N, and P, and higher ratios of protein:RNA, C:N, C:P, and N:P, in accordance with the growth rate hypothesis which predicts faster growing organisms will have decreased biomass RNA contents and C:P and N:P ratios. Fe-limited Synechocystis had lower amounts Fe, Mn, and Mo, and higher amount of Cu. Several changes in amino acids of cultures growing under Fe limitation suggest nitrogen limitation. In addition, we found substantial increases in stress-related metabolites in Fe-limited cyanobacteria such antioxidants. This study represents an advance in understanding the stoichiometric, macromolecular, and metabolic strategies that cyanobacteria use to cope with Fe limitation. This information, moreover, may further understanding of changes in cyanobacterial functions under scenarios of Fe limitation in aquatic ecosystems.
Introduction
Metabolomics aims to characterize the metabolome of organisms, and it is gaining importance in fields such as microbiology, plant physiology, and more recently in ecology (Macel et al. 2010; Jones et al. 2013; Rivas-Ubach et al. 2014 , 2016a . The metabolome consists of all the lowmolecular-weight compounds (metabolites) present in an organism at a given time (Fiehn 2002 ) constituting all of the compounds involved in physiological processes allowing cells to function, grow, and respond to environmental stressors (Peñuelas and Sardans 2009) . The metabolome can be considered, thus, as the "chemical phenotype" of an organism (Fiehn 2002) .
Any fine-scale shifts in metabolites may underpin higher order shifts in cellular macromolecular composition (e.g., changes in overall protein and nucleic acid composition) and stoichiometry (Rivas-Ubach et al. 2012 ) and can thus, in turn affect the whole-organism requirement for key nutrient elements such as C, N, and P, forming the basis of what is now known as "biological stoichiometry" (Sterner and Elser 2002; Elser et al. 2008) . Furthermore, environment-induced metabolic shifts can also affect the profile of less-abundant elements, such as the suite of essential metals that make up an organism's metallome (da Silva and Williams 2001) . Indeed, emerging studies have shown how metabolomes can be related to biomass stoichiometry and growth rate. For example, Rivas-Ubach et al. (2012) found that changes in foliar C:N:P:K stoichiometry of the Mediterranean shrub Erica multiflora were related to shifts in the metabolome of leaves during growing seasons and across soil moisture regimes. Such relationships between metabolomes, biomass stoichiometry, and growth rate may also occur in other organisms. In this study, we integrated metabolomics, macromolecular, and stoichiometric analyses of a model freshwater unicellular cyanobacterium, Synechocystis sp. PCC 6803, grown under iron (Fe) limited conditions.
Fe is required for many enzymes necessary for physiological processes, such as respiration (Richardson 2000) , nitrogen reduction and assimilation (Bellenger et al. 2011) , and especially photosynthesis (Ferreira and Straus 1994; Raven et al. 1999; Behrenfeld 1999; Shcolnick and Keren 2006) . In cyanobacteria, photosystem I (PS I) and photosystem II (PS II) complexes of the photosynthetic electron transport chain (PETC) are Fe-rich with 12 and 3 Fe atoms, respectively (Ferreira and Straus 1994) , and 6 Fe atoms in the cytochrome b6/f complex (Baniulis et al. 2008) . This results in a high cellular Fe quota with ~ 4 × 10 6 Fe atoms per cell for Synechocystis sp. PCC 6803 (Keren et al. 2004 ). The high content of Fe in the PETC and its low availability make this element a key limiting nutrient for photoautotrophs in many ecosystems (Behrenfeld et al. 1996 , Behrenfeld 1999 Vrede and Tranvik 2006; Mackey et al. 2015) . In addition, Fe bioavailability is further influenced by physico-chemical properties of water such as acidity which is expected to increase in many aquatic ecosystems in the forthcoming decades (Shi et al. 2010 (Shi et al. , 2012 .
Cyanobacteria exhibit several morphological and physiological responses to Fe deficiency including the release of intracellular Fe from storage complexes (Keren et al. 2004; Shcolnick et al. 2009 ), induction of high-affinity Fe uptake systems (Katoh et al. 2001a, b; Kranzler et al. 2014) , and decreases in photosynthetic capacity, phycobilisomes, chlorophyll and other pigments, cell yields, and growth rates (Ferreira and Straus 1994; Dang et al. 2012) . Alterations in gene and protein expression underlie most of the morphological and physiological responses of cyanobacteria to Fe limitation (Castielli et al. 2009; Hernández-Prieto et al. 2012; Kopf et al. 2014) .
Metabolomic changes in cyanobacteria and especially in Synechocystis sp. PCC 6803, under low Fe availability are not well-documented. Since metabolomes are the final product of genomes (Fiehn 2002) , we expect that transcriptomic and proteomic changes of cyanobacteria in response to Fe deprivation should be reflected in their metabolomes. More specifically, the reduced photosynthetic capacity of Fe-limited cyanobacteria should trigger changes in C and N metabolism that are detectable as differences in the abundance of metabolites. We used metabolomics approaches in combination with macromolecular and elemental analyses to characterize the metabolomes and the C, N, P, trace metal, DNA, RNA, and protein contents to obtain a better overall understanding of the effects of Fe limitation on the physiological status of wild-type Synechocystis sp. PCC 6803. Data obtained are interpreted with the aim of integrating metabolomics with biological stoichiometry to provide important information for understanding the impacts of Fe limitation on communities and on biogeochemical cycling in marine and freshwater ecosystems.
Materials and methods

Growth of Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803 (hereafter Synechocystis) was grown in 1.8 L of BG-11 medium pH 7.8 (Allen 1968) in 2 L trace metal clean polycarbonate bottles at 24 °C under continuous aeration with 0.2 μm filtered air and illumination (50 μmol photons m −2 s −1 irradiance). During the exponential phase of growth, cells were harvested and transferred to normal composition BG-11 (N:P 100, 18 μM Fe) or modified BG-11 to assess the effect of Fe limitation (N:P 100, 1.8 μM Fe) on physiological processes in Synechocystis. Six replicates were grown for Synechocystis cultures growing at complete media conditions and for the cultures growing at Fe-limited conditions. Upon transfer of Synechocystis to each bottle, the growth rate of the cultures was monitored via absorbance at 730 nm, and once cultures reached exponential growth (7 days for complete, and 10 days for Fe-limited cultures), cells were harvested for the following analyses: (1) absorbance and chlorophyll a, (2) cell counts, (3) elemental composition (C, N, P, S, and trace metals), (4) biological macromolecule composition (DNA, RNA, and protein), and (5) metabolomic profiling. Three cultures from each treatment were also selected for transcriptomic analyses in a separate study (Kellom et al. 2018 ).
Growth rate, absorbance spectra, and chlorophyll a measurements
The growth rate and final yield of Synechocystis for each treatment was assessed via absorbance at 730 nm and chlorophyll a measurements, respectively. Absorbance spectra from 350 to 800 nm on 0.5 mL of culture were also obtained using a Beckman Coulter DU ® 730 UV/Vis Spectrophotometer (Beckman Coulter, Indianapolis, IN, USA). The growth rate (GR) of cultures was calculated as follows:
Chlorophyll a was measured on 2 mL of culture harvested via centrifugation at 21,000×g for 10 min at 4 °C. Supernatant of all tubes was removed and cell pellets were extracted with 1 mL of 100% methanol for 5 min in the dark at room ) was calculated as follows (Bennette et al. 2011): Cell imaging and cell count measurements Synechocystis cells were imaged via epifluorescence microscopy to check for contamination and final cell counts were performed using an automated particle counter. Epifluorescence microscopy was performed on 10 μL culture aliquots fixed with 4% formaldehyde, deposited onto PTFE-coated microscope slides, and DAPI stained. Cells were imaged at 1000× magnification. Cell counts were conducted using the Multisizer™ 3 Coulter Counter (Beckman Coulter, Indianapolis, IN, USA) equipped with a 20 μm aperture tube (0.4-12.0 μm dynamic range for determination of particle size) on 50-1000-fold dilutions of culture.
After transcriptomic analysis, we found 16S rRNA gene sequences from Hymenobacter, a rod-shaped bacterium ranging in length from 2 to 6 μm (Krieg et al. 2010) . Visual inspection of cultures via epifluorescence microscopy revealed the presence of a few rod-shaped cells (approximately 2-4 μm in length) in some fields. However, all cultures displayed a single particle size peak of approximately 1.63 ± 0.08 µm using the Coulter counter suggesting minor contamination by this rod-shaped bacterium.
Elemental composition measurements
The concentrations of C, N, P, and trace metals (Ca, Co, Cu, Fe, Mg, Mn, Mo, Ni, Zn, and V) in Synechocystis were measured following incubation. For C and N analyses, 30 mL of cells from each culture bottle were harvested and centrifuged at 5000×g for 10 min at 4 °C and washed with 0.85% NaCl to remove excess media. Samples (200 mL) for P, S, and trace metal analyses were equally harvested and washed three times with an oxalic acid solution (pH 7.8, 50 mM Na 2 EDTA, 100 mM oxalic acid, 304 μM MgSO 4 .7H 2 O, 245 μM CaCl 2 .2H 2 O, and 189 μM Na 2 CO 3 ) to remove extracellular Fe and other metals (Tovar-Sanchez et al. 2003) . Cell pellets were stored at -80 °C until analyses.
For C, N, P, and trace metal determination, samples were dried for 24 h at 60 °C. C and N were measured on 1-3 mg dry weight samples using a Costech Elemental Analyzer coupled to a Finnigan DeltaPlus Isotope Ratio Mass Spectrometer (EA-IRMS; Thermo-Finnigan MAT 253, West Palm Beach, FL, USA). C and N contents were calculated via comparison with a tomato leaves standard (NIST SRM 1573a).
Chl a ( g mL −1 ) = 13.9 × Abs 665 nm .
P, S, and trace metals were measured on 50-120 mg dry weight of samples digested three times overnight at 100 °C with 5 mL of 16 M nitric acid. After digestion, samples were dried and resuspended in 5 mL of 0.32 M nitric acid. Samples were diluted 15-and 100-fold to measure the following elements: Ca, Co, Cu, Fe, Mg, Mn, Mo, Ni, P, S, V, and Zn. Calibration curves were constructed for the elements using a phosphorus-enriched black-shale standard of known elemental composition. RNA was extracted from 20 mL of cells using the FastRNA ® Pro Blue Kit (MP Biomedicals, Solon, OH, USA) following the manufacturer's protocol with the following exception. A second chloroform extraction was performed to further purify nucleic acids and samples were precipitated overnight with isopropanol at -20 °C. To remove gDNA, samples were treated with the RTS DNase (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer's protocol. DNased RNA was purified via the RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA, USA) and RNA concentration was measured using the Qubit ® RNA Assay Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions.
Protein was extracted from 20 mL of cells. Briefly, cells were resuspended in 500 µL of 10 mM HEPES-NaOH (pH 7.2) amended with 1X Protease Inhibitor Cocktail (Promega, Madison, WI, USA). Resuspended cells were transferred to Lysing Matrix B tubes (MP Biomedicals, Solon, OH, USA) and homogenized for 45 s at a speed of 6.0 m s −1 in a FastPrep ® -24 homogenizer. Samples were centrifuged at 5000×g for 5 min at 4 °C to pellet cellular debris and lysing beads. 250-300 µL of supernatant was transferred to another tube and the protein concentration measured using the Qubit ® Protein Assay Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions.
Metabolite extraction
The remaining biomass (from ~ 800 mL of culture) was reserved for metabolomic analyses. Cell pellets were rapidly frozen in liquid nitrogen and lyophilized (Rivas-Ubach et al. 2013) . Lyophilized cells were stored at − 80 °C until metabolite extraction.
Metabolite extraction for NMR analyses
Polar and semi-polar metabolites were extracted by following Rivas- Ubach et al. (2013) . Briefly, 30 mg of lyophilized cells from each sample was extracted in 6 mL of water/methanol (1:1) via vortexing and sonication. These procedures were repeated for two extractions of the same sample. Sample extracts were lyophilized and 1 mL of KH 2 PO 4 -buffered D 2 O + 0.01% TSP (trimethylsilyl propionic acid sodium salt) (pH 6.0) was added. TSP was used as an internal standard. Extracts were transferred to NMR sample tubes and analyzed as detailed in Rivas-Ubach et al. (2013) .
Metabolite extraction for LC-MS analyses
Metabolites were extracted following t 'Kindt et al. (2008) with minor modifications. Two sets of 2 mL centrifuge tubes were labeled: set A for extractions of samples and set B for keeping the extracts from set A. 30 mg of lyophilized cells of each sample was transferred to set A tubes and 1 mL of methanol/water (80:20) was added to each tube. Set A was vortexed for 15 min, sonicated for 5 min at room temperature and centrifuged at 23,000×g for 5 min. After centrifugation, 0.6 mL of the supernatant from each tube was transferred to the corresponding set B tubes. This procedure was repeated again for two extractions of the same sample and the second aliquot was combined with the previous one. The set B tubes were then centrifuged at 23,000×g for 5 min. The supernatants were collected by crystal syringes, filtered through 0.22 µm pore microfilters, and transferred to a labeled set of HPLC vials. The vials were stored at − 80 °C until LC-MS analysis.
Metabolomic measurements of cellular extracts
NMR-based metabolomics
NMR experiments were performed on a Bruker AVANCE 600 spectrometer (Bruker Biospin, Rheinstetten, Germany) working at a magnetic field of 14.1 T ( 1 H and 13 C NMR frequencies of 600.13 and 150.13 MHz, respectively) and equipped with an automatic sample changer, a multinuclear triple resonance TBI probe, and a temperature control unit. The temperature into the probe head was previously calibrated and maintained constant for all the experiments at 24.5 °C; for this purpose, an equilibration delay (2 min) is left once the tube is into the magnet and prior to the shimming process. All NMR sample handling, automation, acquisition, and processing were controlled using TopSpin 3.1 software (Bruker Biospin, Rheinstetten, Germany). Spectra were referenced to the internal reference TSP ( 1 H and 13 C at δ 0.00 ppm).
H NMR fingerprinting
Extracts were analyzed through standard pulse-acquisition one-dimensional (1D) 1 H-NMR experiments with suppression of the residual water resonance. Water resonance signal was presaturated at a power level of 55 dB, corresponding to an effective field of 30 Hz during a relaxation delay of 2 s. Samples were analyzed as a set of 32 k data points, over a spectral width of 16 ppm, as the sum of 128 transients and with an acquisition time of 1.7 s. The experimental time was ~ 8 min per sample. Fourier transformation was applied to the resulting interferograms (free induction decay, FID) and the spectra obtained were phased and baseline corrected. All FIDs of polar samples were multiplied by an exponential apodization function equivalent to 0.2 Hz line broadening prior to the Fourier transform.
NMR metabolite identification
Standard 2D NMR experiments [ 1 H-1 H correlated spectroscopy (COSY), 1 H-1 H total correlation spectroscopy (TOCSY), 1 H-13 C heteronuclear single quantum correlation (HSQC), and 1 H-13 C heteronuclear multiple bond correlation (HMBC)] and 1D selective 1 H TOCSY experiments were performed in representative extract samples for the identification of the metabolites. Experiments were acquired with standard presaturation of the residual water peak during the relaxation delay using standard Bruker pulse sequences and routine conditions. All assigned metabolites were further confirmed by reported literature data (RivasUbach et al. 2012) (see Table S1 of supporting information for identified metabolites with NMR.)
LC-MS analyses
LC-MS chromatograms were obtained using a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific/Dionex RSLC, Dionex, Waltham, MA, USA) coupled to an LTQ Orbitrap XL high-resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an HESI II (heated electrospray ionization) source. A reversedphase C18 Hypersil gold column (150 × 2.1 mm, 3-µm particle size; Thermo Scientific, Waltham, MA, USA) was used for chromatography at 30 °C. Mobile phases were filtered and degassed for 10 min in an ultrasonic bath prior to use, and consisted of 0.1% acetic acid in water (A) and acetonitrile (B). Sample injection volume was set at 5 µL. At a flow rate of 0.3 mL per minute, the elution gradient began at 90% A/10% B and was held for 5 min, and then, the elution changed linearly to 10% A/90% B during the next 15 min. The initial proportions (90% A/90% B) were thus linearly recovered over the next 5 min, and the column was washed and stabilized for 5 min. The Orbitrap operated in FTMS (Fourier Transform Mass Spectrometry) full-scan mode with a mass range of 50-1000 m/z and high-mass resolution (60,000). The resolution and sensitivity of the spectrometer were monitored by injecting a standard of caffeine after every ten samples, and the resolution was further monitored with lock masses (phthalates). All samples were injected twice, with the HESI operating in positive (+H) and (−H) ionization modes. Blank samples were also analyzed at the beginning of the sequence. (see Rivas-Ubach et al. (2016b) for details of LC-MS methods.)
Metabolomic data processing
NMR bucketing
The processing of 1 H NMR spectra is detailed in Rivas- Ubach et al. (2013) . First, all 1 H NMR spectra were phased, baseline corrected, and referenced to the resonance of the internal standard (TSP) at δ 0.00 ppm with TOPSPIN 3.1. A variable-size bucketing was thus applied to all 1 H NMR spectra with AMIX software (Bruker Biospin, Rheinstetten, Germany), scaling the buckets relative to the internal standard (TSP). The output was a data set containing the integral values of each 1 H NMR peak in the described pattern. The buckets corresponding to the same molecular compound were summed.
LC-MS chromatograms
The LC-MS RAW data files were processed by MZmine 2.17 (Pluskal et al. 2010) . LC-MS chromatograms were baseline corrected, and a list of ions was generated according to retention time and exact mass. Ion chromatograms were thus deconvoluted and posteriorly aligned, and autoassigned, and numerical values of the area of the peaks were finally exported in CSV format (see Table S2 of supporting information for details). Metabolites were assigned by exact mass and retention time from the measurements of the standards in the spectrometer (see Table S3 of supporting information for details). Assignation of metabolites was based in two independent orthogonal data; exact mass of compounds and retention time (RT) relative to the standards. According to the Metabolomics Standards Initiative (Sumner et al. 2007 ), our LC-MS metabolomic results are thus based on putative identifications. However, the high-mass accuracy of the Orbitrap technology (< 10 ppm) and the use of RT reduce considerably the number of false positives (RivasUbach et al. 2016b). As in NMR bucket tables, the different variables corresponding to the same molecular compounds were summed.
The area values obtained by the integration of the LC-MS chromatograms and 1 H-NMR spectra are directly related to the concentration of the corresponding variable, even though they do not represent the real concentration in the sample. However, the use of those values is suitable for metabolomic comparative analyses as previously demonstrated in other studies (Lee and Fiehn 2013; Mari et al. 2013; Leiss et al. 2013; Gargallo-Garriga et al. 2014 Rivas-Ubach et al. 2016c , 2017 . In this study, we use the term concentration when referring to changes in the relative amount of metabolites between the tested treatments.
Statistical analyses
The data set for this study was analyzed as a function of the categorical independent variable (treatment with two levels: complete and Fe-limited cultures) and 1451 dependent continuous variables. Of these dependent variables, 24 were GR, cell density, elemental concentrations (C, N, P, S, Fe, Ca, Mg, Mn, Zn, Cu, Ni, Co, Mo, and V), stoichiometric variables (C:N, C:P, and N:P), macromolecular variables (Protein, DNA, and RNA), and macromolecular ratios (RNA:DNA and protein:RNA). The other 1427 were metabolomic variables, of which 34 were identified. First, variables that were not normally distributed and/or lacked equal variances, assessed via the Shapiro-Wilk and Levene's tests, respectively, were log 10 -transformed before statistical inference.
To test for overall significant differences between metabolomes of the complete and Fe-limited cultures, the metabolome fingerprints including the identified and the non-identified metabolites (1427 variables) were subjected to PERMANOVA using the Euclidean distance with treatment (complete and Fe-limited cultures) as fixed factor and permutations set at 10,000. In addition, to understand how the metabolomic and physiological variables shifted with Fe limitation, the whole data set (1451 variables) was subjected to principal component analysis (PCA). For visualization purposes, only known metabolomic variables are represented in the PCA (Fig. 1) . As expected, the first PC separated complete from Fe-limited cases and only PC1 is shown in Fig. 1 . The score coordinates of the samples were subjected to t test to determine statistical significance in the case separation between treatments (Rivas-Ubach et al.
2013).
T tests were used to detect significant differences between treatments (complete versus Fe-limited) for each individual identified variable. The variables that did not meet the assumptions of t tests after log 10 transformation were compared using a Mann-Whitney U test.
All statistical analyses were performed with R (R Core Team 2013). The Shapiro-Wilk tests, t tests, and
Mann-Whitney U tests were performed with the functions shapiro.test, t.test, and wilcox.test, respectively, from the package "stats" (R Core Team 2013). Levene's tests were performed with the leveneTest function in the "car" package (Fox and Weisberg 2011) . The PERMANOVA analysis was conducted with adonis function in the package "vegan" (Oksanen et al. 2013 ). The PCA was performed by the pca function of the mixOmics package of R (Dejean et al. 2013) .
Results
Growth of Synechocystis under Fe concentrations one-tenth of the normal composition of the BG-11 medium produced a blue shift in the chlorophyll absorbance peak from 679 to 673 nm ( Figure S1 ), which is diagnosis of Fe limitation in Synechocystis (Ryan-Keogh et al. 2012) .
PCA including all the elemental, macromolecular, and metabolomic variables showed clear separation between complete and Fe-limited cultures along the first principal component (PC1), which gathered 28.4% of the total variance (Fig. 1) . This separation in the cases of each treatment along PC1 was statistically significant (t = 10.98; P < 0.001).
The growth rate, final cell density, and chlorophyll a content of cultures were significantly lower in Fe-limited than complete cultures ( Fig. 1; Table S4 ). Fe limitation also resulted in significantly lower concentrations of C, N, P, S, Fe, Mg, Mn, Mo, RNA, and RNA:DNA ratios, and significantly higher Cu content, C:N, C:P, N:P and protein:RNA ratios (Fig. 1, Table S4 ).
The PERMANOVA indicated that the overall metabolomes of Fe-limited and complete Synechocystis varied significantly (P < 0.01) ( Table 1) . Several of the individual identified metabolites changed significantly between complete and Fe-limited cultures. Concentrations of α-glucose, (Tables S4 and S5 of Supporting Information) ▸ leucine, lysine, phenylalanine, proline, valine, lactic acid, malic acid, succinic acid, and δ-tocopherol increased significantly under Fe limitation (P < 0.05) ( Fig. 1 ; Table S5 ). Concentrations of disaccharides, hexoses, arginine, and aspartic acid showed marginally significant (P < 0.1) increases in Fe-limited cultures ( Fig. 1; Table S5 ). AMP, glutamine, and threonine decreased significantly (P < 0.05) and β-glucose decreased marginally significantly (P < 0.1) in Fe-limited cultures.
We found significant effects on the metallome (Ca, Cu, Co, Fe, Mg, Mn, Mo, Ni, Zn, and V) of Synechocystis grown under Fe-limited conditions (Table 2; Table S4 ). Fe, Mg, Mn, and Mo contents and C:Fe, C:Mg, C:Mn, and C:Mo ratios decreased significantly under Fe limitation, while Cu content and C:Cu ratio increased significantly.
Discussion
Lowering the Fe concentration to one-tenth of the normal composition of BG-11 resulted in Fe limitation of Synechocystis, as diagnosed by a characteristic blue shift in the chlorophyll absorbance peak ( Figure S1 ; Wilson et al. 2007 ).
This shift likely indicates the association of the chlorophyllbinding protein, iron stress-inducible protein (IsiA) with PSI to increase the size of the light-harvesting complex and possibly compensate for phycobilisome degradation (Bibby et al. 2001; Ryan-Keogh et al. 2012) .
We found that our cultures contained cells of Hymenobacter sp. through transcriptomic sequencing (Kellom et al. 2018) representing approximately 10% of the biomass across the cultures. However, this contamination should not be a major concern in our study. Organisms' metabolomes have proven to present large plasticity among biological replicates (Steuer et al. 2003; Houshyani et al. 2012; Rivas-Ubach et al. 2016a) . Furthermore, all the identified metabolites have been previously reported in Synechocystis sp. and our analyses are exclusively based on relative quantification and never in presence/absence. Therefore, the main differences between complete and Fe-limited are primarily due to the predominant Synechocystis biomass and any potential variation produced by Hymenobacter sp. would be masked in the overall metabolome variability. In addition, the transcriptome of Synechocystis under Fe limitation was similar to the previous studies (Kellom et al. 2018 ) and was concordant with our observed results. Even so, we restricted our main conclusions to those bolstered by reference to the previous studies.
Fe limitation and the growth rate hypothesis
The growth rate hypothesis (GRH) is one of the central paradigms in ecology and proposes that fast growing organisms increase the allocation of P to RNA to meet the high protein synthesis demand (Elser et al. 1996) . Our stoichiometric and macromolecular results are in accordance with the GRH; Felimited Synechocystis showed slower growth than complete cultures and this was accompanied by decreases in RNA Table 2 Metal-to-C ratios of Synechocystis sp. PCC 6803 grown in complete (N:P 100, Fe 18 µM) and Fe-limited (N:P 100, Fe 1.8 µM) BG-11 media
Values listed are the average ± SD (n = 6). Statistical differences between complete and Fe-limited cultures were assessed using a two-sided t test or a Mann-Whitney U test content and RNA:DNA ratio as well as the increases in C:P, N:P and protein:RNA ratios (Fig. 1 , Table S4 ). The GRH has generally focused on conditions of N and/or P limitation or excess; however, our study suggests that other potential limiting factors such as Fe can also induce lower growth rates through mechanisms involving changes in cellular N:P and protein:RNA ratios.
Indirect N starvation produced by limitation of Fe
We observed potential links between metabolite abundances and biomass stoichiometry and note several metabolomic changes under Fe limitation suggesting a situation of N limitation. The lower C content in Fe-limited cultures ( Fig. 1 ; Table S4 ) strongly indicates a reduction in C fixation capacity under lower Fe availability (Sharon et al. 2014) . Although no Calvin Cycle intermediates were identified in the metabolomes, Fe-limited Synechocystis exhibited decreased gene expression of rbcS, encoding the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Kellom et al. 2018) . With reduced C flux through the Calvin Cycle under Fe limitation, there may have been a decrease in the direct precursor of purines, ribose-5-phosphate, resulting in the observed reduction in AMP and other purine metabolites (Lengeler et al. 1999) (Fig. 1) as observed in N-starved Synechocystis sp. (Osanai et al. 2014) . We found significant changes in the abundances of some carbohydrates and tricarboxylic acid cycle intermediates under Fe limitation ( Fig. 1 ; Table S5 ) that are similar to responses to N limitation. It has been observed that Synechocystis sp. and other cyanobacteria accumulate carbohydrates and precursors of glycogen (i.e., glucose and other hexoses increased in Fe-limited cultures in this study) under N deprivation (Gründel et al. 2012; Hasunuma et al. 2013; Osanai et al. 2014) . Succinate is both a respiratory substrate and a C substrate for biosynthesis. The decreased C content of Fe-limited along with higher concentrations of succinate and malate ( Fig. 1; Table S5 ) suggests that succinate was oxidized to malate via fumarate under limitation of Fe (Cooley and Vermaas 2001; Knoop et al. 2013) . N starvation has proven to elicit a similar response in Synechocystis sp. with substantial increases in succinate, malate, and fumarate (Osanai et al. 2014) .
The significant reduction in N content and the increases in C:N ratio in Fe-limited cultures indicate a state of N limitation, despite the high nitrate availability (17.6 mM). The negative effect of Fe limitation on N uptake is feasible, as Synechocystis sp. and other cyanobacteria down-regulate metabolites associated with N assimilation under C limitation (Huege et al. 2011 ). The concentrations of many amino acids were significantly reduced in Fe-limited cultures ( Fig. 1; Table S5 ) which also observed under N starvation (Osanai et al. 2014) . Although Fe-limited stoichiometric and metabolomic responses suggest a status of N limitation, macromolecular analyses indicated that protein synthesis did not decrease under Fe limitation ( Fig. 1; Table S4 ). More focused research is necessary to better comprehend how N is allocated to different physiological functions under Fe limitation and how this could consequently impact the N cycle.
Fe limitation and metabolites indicative of oxidative stress
Oxygen radicals produced as a byproduct of photosynthesis and reduced Fe can interact leading to oxidative stress through the Fenton Reaction (Latifi et al. 2009 ). Transcriptomic studies in Synechocystis sp. have previously linked Fe and oxidative stress (Singh et al. 2004; Shcolnick et al. 2009 ). Oxidative stress has also been described under Fe limitation because of the redox imbalance between PS I and PS II and the reduced availability of Fe as a cofactor for superoxide dismutase and catalase (Latifi et al. 2009) . Felimited cultures showed significant concentration increases of metabolites with antioxidant function (δ-tocopherol, choline, and proline) ( Fig. 1 ; Table S5 ) suggesting a state of oxidative stress under Fe limitation. Tocopherols concentration has already shown to be increased to cope with lipid peroxidation in Synechocystis sp. (Maeda et al. 2005) . We also found increases in proline under Fe limitation which has been described to increase in other cyanobacteria and plants in response to oxidative stress induced by heavy metal toxicity and to cope with increased salinity (Singh et al. 1996; Szabados and Savouré 2010) . However, to the best of our knowledge, increases in proline in Synechocystis sp. as response to oxidative stress produced by Fe limitation has not been previously reported yet. Choline accumulation has been described in salt acclimation responses of cyanobacteria (Hagemann 2011) ; however, choline is also a precursor of glycine betaine which stabilizes proteins of the oxygenevolving complex of PS II (Papageorgiou and Murata 1995) . In addition, Synechocystis sp. is genetically competent for D-lactate production via pyruvate reduction (D-lactate dehydrogenase encoded by slr1556) (Kaneko et al. 1996) and we found increases in lactate concentrations in Fe-limited cultures ( Fig. 1; Table S5 ). With decreased C uptake and potentially less consumption of NAD(P)H, the NAD(P)H/ NAD(P) + ratio of cells could be extremely imbalanced under Fe limitation. Our metabolomic analyses suggest that the higher concentration of lactate in Fe-limited cultures could have been the consequence to consume excess NADH and regenerate NAD + as in fermentative metabolism (Lengeler et al. 1999) . The production of antioxidants and lactate production would allow Synechocystis sp. to cope with a potential imbalanced NAD(P)H/NAD(P) + ratio, indicating that responses to Fe limitation and redox homeostasis overlap in Synechocystis sp. Complementary analyses to our metabolomics measurements would be required to experimentally measure the cellular NAD(P)H/NAD(P) + to definitely verify and determine more precisely the redox status of cyanobacteria under Fe limitation.
Flexibility in the metal composition of Synechocystis sp
Several trace metals have biologically important roles in photosynthetic and other metabolic processes, such as N assimilation. The differences in metal content between Felimited and complete cultures support a view that the metal composition of Synechocystis sp. is highly responsive to environmental conditions. Low availability of Fe impacts the photosynthetic machinery of cyanobacteria through phycobilisome degradation, decreased chlorophyll content, and changes in the PETC (Ferreira and Straus 1994; Behrenfeld and Milligan 2013) . Under Fe-limited conditions, cyanobacteria may partially reduce their need for this metal by replacement of Fecontaining redox proteins (cytochrome c553 and ferredoxin) with non-Fe dependent carriers (Cu-containing plastocyanin and FMN-containing flavodoxin, respectively) (Ferreira and Straus 1994) . We observed that Fe-limited cultures in this study increased the expression of the genes encoding plastocyanin and flavodoxin (Kellom et al. 2018) . Our metallomic analyses showed significant decreases (approximately 3 times) in cellular Fe content and Fe:C ratio and increases in Cu content and Cu:C ratio under Fe limitation (Fig. 1 , Table 2, Table S4 ), which is in agreement with the overexpression of plastocyanin and flavodoxin under reduced Fe availability. A previous study of metal contents in Synechocystis sp. under Fe limitation did not find a significant effect on cellular Cu content; however, Fe limitation in that study was achieved through addition of a Fe-chelating agent, deferoxamine B (Shcolnick et al. 2009 ), which may also bind to Cu (Farkas et al. 1997 ) and limit its bioavailability. These contrasting effects of Fe limitation on Cu uptake by Synechocystis sp. suggest that the method of lowering metal availability should be considered in the experimental design of trace metal limitation studies.
The lower cellular Mn content in Fe-limited cells is in line with the previous studies that show Fe bioavailability affects Mn uptake (Shcolnick et al. 2009; Sharon et al. 2014) . The Mn concentration (9.2 μM) of normal composition BG-11 medium is sufficient for Synechocystis sp. (Ogawa et al. 2002) ; thus, Mn was not limiting under the growth conditions used in this study. Mn, as a cofactor in the oxygen-evolving complex of PS II is required for oxygenic photosynthesis (Shcolnick and Keren 2006) and the activity of PS II decreases under Fe limitation in Synechocystis sp. (Ryan-Keogh et al. 2012; Sharon et al. 2014) .
Genes encoding PSII components were strongly downregulated in Fe-limited cultures (Kellom et al. 2018) .
Other trace metals showed a response to Fe limitation. Fe-limited cultures also had lower chlorophyll a content (Fig. 1, Table S4 ), suggesting thus a lower cellular demand for Mg. In addition, Mo is a key metal cofactor of enzymes involved in N assimilation (e.g., nitrate reductase). Felimited Synechocystis showed significant reductions of Mo content and Mo:C ration (Fig. 1, Table S4 ) suggesting certain coordination between decreased Mo and N uptake (Flores et al. 2005 ). This could be explained by the reduced Mo demand due the slower growth under Fe limitation.
Conclusions and potential implications in natural ecosystems
The C:N:P stoichiometry and macromolecule composition of Synechocystis sp. changed significantly under Fe limitation in ways that are consistent with the predictions of the GRH (Elser et al. 1996) (Fig. 2) . This shows that limiting factors other than macronutrients, such as Fe, may also induce lower growth rates through mechanisms involving changes in cellular N:P and protein:RNA ratios. More work is needed to define the range of elemental and biological macromolecule compositions that Synechocystis produces under various conditions of nutrient availability and growth rates as this would permit insight into how growth responses of cyanobacteria in natural environments might alter the coupling of major biogeochemical cycles (C, N, P, and Fe).
Our combined metabolomic, metallomic, stoichiometric, and macromolecular results show that Fe limitation responses of Synechocystis overlap with C and N limitation responses (Fig. 2) . Fe-limited Synechocystis also exhibited responses at the metabolomic level that indicate a state of oxidative stress and imbalance in the redox state of the cells. These insights aid in diagnosing the nutritional state of Synechocystis sp. in natural ecosystems. Microbial physiology underlies many biogeochemical processes and plays a crucial role in aquatic ecosystems (DeLong and Karl 2005) . Enhancements of Fe limitation in natural aquatic ecosystems may result in significant impacts on their communities. Increases in the dissolution of CO 2 (Orr et al. 2005; Shi et al. 2012) , nitric acid, and/or ammonium (Vitousek et al. 1997; Bowman et al. 2008) in natural waters are potential drivers of acidification that could lead to significant reductions of Fe bioavailability for cyanobacteria (Shi et al. 2010 (Shi et al. , 2012 . The understanding of metabolic changes of cyanobacteria under Fe limitation thus provides crucial insights into how those shifts in cells potentially scale to changes in ecosystem function by cascade effects through trophic webs (Fig. 2) .
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